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Section 1 
SUMMARY 


The Laser Power Conversion Systems Analysis v Contract NAS 3-21137, is reported 
in two volumes. Volume I describes the analysis for orbit-to-orbit laser energy 
transfer and conversion to electrical energy for spacecraft use, and Volume II 
describes the analysis for orbit-to-ground lasor energy transfer and conversion to 
electrical energy for consumer use on earth 

1.1 OBJECTIVES 

The objectives of the orbit-to-crhit Laser Power Conversion System analysis are to 
identify potential missions, establish efficient system concepts, and compare the cost 
effectiveness of the laser concepts with conventional spacecraft electrical power 
subsystems. 

The objectives of the orbit -to-g round Laser Power Conversion System Analysis are to 
develop Space Laser Power Systems to convert solar energy to laser energy, transfer 
the laser energy to ground sites for conversion to electrical energy, and compare the 
cost effectiveness of the Space Laser Power System with the Solar Power Satellite. 

1.2 STUDY SCOPE 

The orbit-to-orbit Laser Power Conversion Systems Analysis investigated the feasi- 
bility and Utility of using remote lasers to supply electrical power. to spacecraft for a 
variety of missions with electrical power requirements ranging from 1 to 300 kW. 

The orbit-to-ground Laser Power Conversion System Analysis investigated the feasi- 
bility and cost effectiveness of converting solar energy into laser energy in space and 
transmitting the laser energy to earth fer conversion into electrical energy with elec- 
trical power requirements on earth ranging from 100 to 10,000 MW, 

1.3 STUDY RESULTS 

The orbit-to-orbit Laser Power Conversion System Analysis (Vol. 1) showed that the 
laser system would not be competitive with current systems from either weight, cost, 
or development risk standpoints 

The;orbit-to-ground Laser Power Conversion System Analysis (Vol. 2) shows the laser, 
system to be a viable alternate to the microwave Solar Power Satellite which can 
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compete economically without excessively large requirements for funding proof-of- 
concept, A few comparisons ol' Interest include: 




Laser 

Microwave 

ft 

Transmitter Diameter (m) 

31.5 

1000 


Ground Receiver Diameter (m) 

31.5 

~8000' 


Land Requirements (Acres) 

200 

85,000 

9 

Major Operational Orbit 

LEO 

GEO ' 

© 

Development and Verification 




Pregram Cost Estimate ($B) 

0. 857* 

46.5** 


♦Scaled verification from LEO with shuttle transportation. 

♦♦Boeing, Space Based Power Conversion System, NAS 8-31628, Dec 1076. This 
estimate includes development of HLLV, OTVs, Space Stations, etc. , that are 
required for Verification Program. 

/ 

1.4 CONCLUSIONS 

• The orbit-to-orbit Laser Power Conversion System for supplying electrical power 
to satellites is not competitive with current spacecraft electrical power subsystems 
from either economic or technology standpoints. 

• Orbit-to-grouud Laser Power Conversion Systems are competitive with the micro- 
wave Solar Power Satellite and offer the potential of substantial cost reductions as 
well as a much lower "front-end" cost for proof-of-concept. 

© The orbit-to-ground Laser Power Conversion Systems are worthy of much more 
in-depth study and optimization than were provided in this study wiih limited funds 
and schedule. 


2 





y i tt «jj -ini^ 


— - 


Section 2 
INTRODUCTION 


2.1 BACKGROUND ' 

Recent advances Ln critical technologies such as lasers, large adaptive optics, pointing 
and tracking, photovoltaics and other energy conversion devices have opened posstbili- - - 
ties for many laser applications in the near future. Laser energy transfer for orbit- 
to-orbit propulsion has been shown to have substantial potential in the Laser Rocket 
Systems Analysis. Contract NAS 3-20372. Laser powered rockets are more cost 
effective than conventional LO 0 -LH 2 propulsion systems by factors ranging from 2 to 
8, depending upon the mission model upon which the comparison is based. Laser 
applications that have been investigated in various depths range from surgical and 
Industrial uses with miniscule power requirements to multimegawatt devices for laser- 
ixwered aircraft and ro ;ets a3 well as military' applications. To date, applications 
have been investigated o* their individual feasibility and merit without consideration of 
the synergistic effect of multiple applications. However, it seems clear that the 
development of any high-energy laser (HEL) application will enhance the feasibility and 
merit of all other HEL applications. 

2.2 STUDY DESCRIPTION 

The objectives of the orbit-to-ovbit Laser Power Conversion Systems Analysis are to 
identify promising missions and synthesize efficient-systems for transmitting and con- 
verting laser-beamed energy to electrical .power for satellite use, then compare the 
laser system (s) to conventional spacecraft electrical power subsystems relative to 
technology requirements, development risks, and cost. The laser systems are inves- 
tigated for both space and ground locations for the trmismitter. 

2.2.1 Task I: Mission Model Definition 

Since the beginning of the space era, a large number of experts have considered the 
questions surrounding electrical power in space. Satellite electrical power require- 
ments have increased by an order of magnitude for each 5 years over the past 15 years. 
The accomplishment of providing satisfactory’ power levels for over 600 civilian and 
military space missions has been substantial. In general, besides the increase in 
power requirements, lifetimes have increased markedly and the current space under- 
takings, with reduced budgets, have generated a definite emphasis on low costs. 

The mission model developed for this study is based on tine 1995 to 2005. time frame 
as a reasonable period for introduction of space laser power conversion technology. 
Current NASA. and DOD projections were surveyed to determine the power needs and 
orbital parameter of future spacecraft. The orbital parameters are essential so that 



i 


I 




opportunities of energy transfer can be determined. The baseline mission model is 
categorized by orbit groupings with military missions included, but not identified. 
Communications compose the bulk of the geosynchronous category followed by earth 
observation and weather Satellites. All satellites are considered to be improved 
versions of present satellites. The low earth orbit category Includes a larger percent- 
age of missions which arc still in the development stage. The most demanding in terms 
of electrical power requirements is the weather modification mission. 

Table I represents the baseline mission model which is made to be flexible by the use 
of activity. level multipliers. The activity multipliers permit increasing, decreasing, 
or zeroing out specific missions so that system sensitivity can be determined. 

2.2.2 Tasks II and V: Parametric Analysis: Space-Based and Ground Based Lasers 

The purpose of the parametric analysis is to synthesize system concepts and evaluate 
the effectiveness and sensitivities of the various subsystems relative to their inter- 
actions with one another and overall system effect. From these data, an optimum 
system concept can be synthesized using the most advantageous subsystems for 
comparison with current conventional systems which supply electrical power to 
satellites. 

Transmission Opportunities 

Energy transmission opportunities is a function of t ho laser basing parameters and 
can vary from normal phasing contacts with line-of-sight between a laser transmitter 
and the receiving satellite to a continuous opportunity through the use of orbital relay 
satellites deployed to provide a. continuous path between laser transmitter(s) and the 
receiving satellites. 

Space-Based Laser Transmitter Deployment 

Various orbital parameters (altitudes, inclinations, and ellipticitie<=) were investigated 
to optimize encounters relative to time in sight, time between encounters, and encoun- 
ter ranges. The- encounter ranges are important to select applicable laser wavelength, 
determine pointing and tracking requirements, and to size the transmitter aperture 
and satellite receiver. The selected orbital parameters for the space-based laser arc 
a sun-synchronous, circular orbit with an altitude of 6,306 km (3,460 nmi) which pro- 
duces a 4-hr orbit period.. This provided acceptable encounter parameters for the 
LEO satellites with ranges permitting laser wavelengths up to 5.0 pm with reasonable 
pointing and tracking and receiver sizes. Shorter wavelengths would permit a relaxa- 
tion of pointing and tracking requirements and/or reduction of transmitter and/or 
receiver sizes. 

Ground-Based Laser Transmitter Deployment ' 

i 

An analysis was made of weather conditions, elevations, and locations of laser trans- 
mitter sights to assure a probability uf one clear sight being greater than 99%.. The 
99% probability is required to assure that the electrical energy could be transferred 
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TABLE I. LASER POWER CONVERSION MISSION MODEL <1995-2005) 


















as scheduled avoiding additional energy storage 'requirements if an opportunity of 
energy transfer was missed. Five laser transmitter sites (Kaleakala, HA; Edwards 
Air Force Base, CA; Blyth. N . M . ; Tucson, AZ; and El Paso, TX) are required ard 
were selected to facilitate deployment of relay satellites to provide continuous coverage 
of the siics. The relays are deployed in elliptical orbits at 63.4° inclination with the 
apogee at about 35° north latitude to provide continuous coverage with minimum nadir 
angles; The ranges are such that only laser wavelengths of about 0.5 or less could 
be selected and maintain acceptable pointing and tracking and receiver parameters. 

Geosynchronous R elay Deployment 

Relay satellites for both the space-based and ground-based laser transmitters are 
deployed in a near geosynchronous orbit near groups of satellites at their various 
locations. This provides a 'dew of the satellites in the area with acceptable ranges 
and minimizes 'ho number of relays required. 

Power Conversion Techniques 

Power conversion techniques investigated include photovoltaic; thermionic; brayton, 
rankine, and piston cycles; thermoelectric energy converter (TELEC); energy' exchanger 
with brayton, rankine, and piston; and MHD as well as combinations to use as much of 
the rejected energy as possible. Energy 1 ’ storage techniques included batteries, induc- 
lionj.flywhcieis, and heat with various materials. 

Receiver Sizing 

Sizing of the receiver on the satellite resulted in basically a function of the space shuttle 
capability (~4. 5m; to carry into orbit without the complications of on-orbit erection or 
assembly. To add those complications to the mission satellite would unduly penalize 
satellite design a rd packaging. The weight of the receiver due to its size is not a 
significant driver as has been found in other studies. The weight driver for satellite 
receivers, whether optical or otherwise, are the heat .rejection and storage require- 
ments, The most efficient (- 50%) power conversion has to reject an etjual amount 
of energy which must be reradiated. This requires enormous radiators for real-time 
rejection or some technique to store the energy* and reject it over the period between 
encounters. With the rejected energy storage and radiators dominating the satellite 
receiver weight;, the size of the receiver made little weight difference. 

System E ffects 

To understand the system effects of satellite laser power conversion systems, basic- 
differences in the operations from current satellite electrical power systems should 
be reviewed. 

Current solar array electrical power systems operate in a 1-sun (~1.4 kW/m-) environ- 
ment producing electrical power continuously except when in the earth's shadow (from 
0 to ~30% of the time depending upon die orbit parameters) . Energy storage on the 
satellite is limited to the amount needed during shadow periods and to meet peak power 
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requirements. If a satellite laser power conversion system operated similarly, then 
the ratio of laser transmitters to satellites would be near unity which obviously is not 
cost effective. For the cost of a current satellite electrical power subsystem, a new 
electrical power subsystem to convert laser energy plus a complete satellite to pro- 
vide energy cannot be accomplished. This represents the upper extreme in the number 
of laser transmitters required. 1 

The lower extreme is one laser transmitter; however, the basic operating mode must 
be changed so that the one transmitter is providing power to all satellites which means 
that much more thar 1-sun 's intensity is required for a short period and sufficient 
energy stored until the next line-of-sight encounter. (A major portion of the satellite’s 
life will be operating from onboard stored energy.) In addition, because the energy is 
being input at high flux densities, the excess energy cannot be reasonably rejected in 
real time and 'must be stored for rejection between energy inputs. Another asi/ect ui 
this situation is that the required laser power has to increase to provide the higher flux 
densities. Weights for the energy storage subsystem both for satellite use and re*- 
tion far exceed the weight of a current satellite solar array electrical pewer subsy^vem 
and raakes their use on satellites impractical, particularly when compared. U. ligh? • 
weight solar array systems being used and developed to higher power levels today. 

From one extreme to the other in the number of lasers required, substantially 
laser energ/ is required *o be generated than the electrical power requirements f A r Vi 
the satellites combined because of the losses due to conversion and transmission 
efficiencies. Table II illustrates than an electrical power subsystem for ; Ias i r 
Satellite must be more than 12 times as large (2,870 k'V versus 300 k\V) as or.* 
life electrical power subsystem it is replacing — not eliminating. The sanu> * . . ; " 

the entire mission model is considered whether the satellites are to be serviced i 
one or multiple laser power satellites. 

As a result of the parametric analysis, laser power conversion systems were deter- 
mined to be noncost-effective relative to current satellite electrical power subsystems. 
This determination could be altered by a break-through in energy storage, energy con- 
version technologies, or by the synergistic effect of lasers being used in ether appli- 
cations. Section 3, TECHNICAL DISCUSSION, documents the analysis used as the 
criteria for evaluation of laser power conversion systems. 
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TABLE EL SYSTEM EFFICIENCIES AND POWER REQUIREMENTS 


Solar Collector 

Solar Cavity 

Thermal Conversion 

Power Generator & Conditioning 

Laser 

Transmitter Optica 
Space Transmission 
Relay 

Space Transmission 

Satellite Receiver 

Thermal Cavity 

Thermal Conversion 

Power Generator & Conditioning 

Energy Storage 

Power To Satellite 


Efficiency 

% 


Power (k\V) j 

In 

Out 

11,549 

9,816 

9,816 

8,148 

8,140 

4,074 

4,074 

3,870 

3,870 

968 

963 

96? 

965 

916 

916 

907 

907 

862 

862 

859 

859 

842 

842 

421 

421 

400 

400 

300 

300 




Section 3 

TECHNICAL DISCUSSION 


3.1 TASK I: MISSION MODEL DEFINITION .< 

3.1.1 Background 

The need for quantities of reliable electrical powe*' has been recognized as an essential 
element in space operations since the early 1950's. Although the specific system 
characteristics and actual and projected missions have changed since that time, the 
basic energy sources have remained the same, as have the basic power conversion 
technologies. However, much effort and many millions of dollars have been expended, 
in developing the science and technologies involved in space electric power systems. 

Since the beginning of the space era, a large number of experts have considered the 
questions surrounding electric power in space. Although the scale and timing of the 
research and development efforts in space power in tie United States have varied with 
the course of the space program, the accomplishment of providing satisfactory power 
as required for over 600 civilian and military space missions has been substantial. " 
There has occurred in satellite power levels a 10-fold increase in each 5 year period 
over the last 15 years. Whether this trend will continue for space missions is of 
concern. In general, besides the increase in power requirements, lifetimes have 
increased markedly and the current perictf 1 of applications in space undertakings, with 
its reduced budgets, has generated a definite emphasis on low costs. 

3.1.2 Objectives 

The objective of f ho mission model for this study is to present a set of missions with 
their respective electrical power needs and orbits. These two parameters are primary 
criteria for the design of a space laser power transmitter. The location of each space- 
craft and the quantify of electric power needed can be determined from these two 
parameters. 

The other factors about each spacecraft in the mission model which are useful am the 
spacecraft weight and the pointing accuracy. These two parameters relate to the 
stationkeeping energy needs of tire spacecraft. Additionally, weight saving tradeoffs 
can be performed utilizing the baseline weights. 

With these parameters, alternative laser power transmitter designs can be evaluated 
to determine if these designs can meet the ,,owcr demands of the spacecraft in Lite 
mission model and make adequate contact with the spacecraft when the two are in view 
of each other, and within the appropriate distances iTom each other. Thus the goal of 
the mission model is to capture the prvbabJc power and orbit characteristics of a 
typical set of spacecraft for the .1005 to 2005 time period. 


3.1.3 Assumptions 


Numerous assumptions were made in the derivation of this mission model. These / 
assumptions are- 

(1) The trend toward larger and more powerful satellites in space with smaller 
ancl less expensive ground equipment will continue. Thus, spacecraft will 
generally be larger and demand larger power supplies. 

(2) The majority of spacecraft in orbit in the 1995 to 2005 time frame will be 
improve! versions of current technology. These mature versions of today’s 
satellites will be communications satellites, earth observation satellites, : 
weather satellites, etc. 

(3) The minority of spacecraft in orbit in the 1995 to 2005 time frame will be 
new or innovations in relation to today’s inventory. The missions selected 
are assumed to be representative examples of future possibilities. Mission 
function, weight, and power needs were used as criteria for selection, 

(4) The military missions would be similar in orbit to those of today. Orbits 
available were utilized as representative of future missions. Weights were 
assumed to be similar to civilian spacecraft. Military missions were 
combined with civilian for this study as there was no reason to examine the 
military power needs separately at this time. 

(5) The space shuttle, or updated version of the space shuttle, will exist for 
low-cost transportation to low-earth orbit. 

(6) The orbits will be very similar to current practices . 

3. 1.4 Mission Model Development 

The time frame of 1995 to 2005 was selected as the reasonable period for introduction 
of space laser power conversion technology. This time frame is compatible with NASA 
and DOD future planning time frame enabling utilization of several sources for inputs. 
However, because of the emergence of the "shuttle era", there is an element of "wait 
and see" pervading future planning which prevents a specific mission model from 
emerging from NASA. To adequately handle the uncertainties of the future, a baseline 
mission model was developed with built-in flexibility provided by activity level multi- 
pliers which have the effect of decreasing or increasing various missions. With this 
capability, numerous scenarios can be evaluated which capture upper and lower bounds , 
of future mission scenarios. 

The mission model derived (Table I) provides the orbit, spacecraft weight, and 
average power demand in kilowatts. The number of spacecraft per mission type is 
indicated as well as some indication of activity based on the activity level multiplier 
concept. 

Several key NASA and DoD (Aerospace) sources were utilized to derive the Baseline 
Mission Model for this study. For the purpose of surveying current projections, 
contact was made with numerous top NASA and Aerospace Corporation officials familiar 
with power needs of future spacecraft. As a result of these contacts, several key 
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studies emerged as valuable sources. These studies then served as the backbone of 
the Mission Model derived. The studies were: 

V. 

© Advanced Space Systems Concepts and Their Orbital Support Needs (19S0 — 
2000) Final Report December 1976, The Aerospace Corporation. 

© Summarized NASA Payload Descriptions, George C. Marshall Space Flight 
Center, July 1974. 

© Selected section of early Space Station work submitted to NASA Headquarters 
by Jerry Craig/Johnson and Bill Huber /Marshall. 

* Review of Spacecraft Launches of past 15 years. 

© B. I. Edclson and \V. L. Morgan, ,! Orbital Antenna Farms" Astronautics and 
Aeronautics , September 1977. 

© Jerry Grey, "The Outlook for Space Power ," Astronautics and Aeronautics 
October 1976. 

•• DOD/AEC Space Power Study, March 1974. 

3.1.5 Mission Model Spacecraft 

Spacecraft weights were derived in two manners. For those missions which are 
updated versions of current technology, a multiplier was employed to expand the 
weight. For new missions not present in the current inventory, the documents which 
put forth the concepts usually listed the expected weight. 

Orbits 

The spacecraft orbits were derived by studying the orbits utilized over the past 15 
years and by technical description of new satellite mission concepts. 

Power Demands 

Electric power demands were carefully deriv.ed by studying historical trends and 
surveying future projections. In cases where there was a discrepancy, a range was 
utilized with an expected value following. ■ 

Pointing Accuracies 4 

The pointing accuracies play a role in determining onboard energy demands for station 
keeping. Since pointing accuracies are typically a funtion of the payload task, present 
pointing accuracies were considered sufficiently sensitive for this mission model. 
Numerous documents were examined to obtain the pointing accuracies for the geosyn- 
chronous and low earth orbits. These documents are listed below: 

© John H. Disher, ,T Next Steps in Space Transportation and Operations," 
A stronautics and Aeronautics , January 1978. 

© The Aerospace Corporation, A Review of Communications Satellites and 
Related Spacecraft for Factors Influencing Mission Success , Contract 
F04701-75-C-007G, prepared for Military Satellite Communications Office of 
the Defense Comm. Agency, 17 November 1975. 
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Rockwell Internationa], Geosynchronous Platform Definition Study , Volume II, 
prepared for NAS/.|, June 1973. 

Rockwell International, Tracking and Data Relay Satellite System Configuration 
and Tradeoff Study , /olume I, prepared for Goddard Space Flight Center, 
NASA, Apr U 1973.', 

The Aerospace Corporation, Standardization and Program Effect Analysis, 
Fina) Report, Volume II, prepaxed for Low Cost Systems Office, NASA, 

31 July 1975. 

TRW Systems Group, E arth Observatory Satellite System Definition Study, 
Volume in Design/Cost Tradeoff Studies, prepared for Goddard Space Flight 
Center, NASA, 1 October 1974. . *v... 

The Aerospace Corporation, Description of the Attitude Control Guidance and 
Navigation Space Replaceable Units for Automated Space Servicing of Selected 
Missions , prepared for Office of Manned Space : Flight, NASA, 5 April 1974. 

Activity Level Multipliers 

Activity level multipliers permit development of numerous scenarios for systems 
analysis and design sensitivity studies. Discussed below is the first "cut" at three 
scenarios. Others will emerge as the study progresses. 

Nominal Case 

This is the baseline case which includes missions extrapolated from the present, new 
missions which have a high likelihood of taking place as indicated by intensive studies, 
and a few concepts which have not yet gone beyond the preliminary stage. 

Discussion of Mission Model 

Missions are divided into categories by orbit groupings. Those missions falling under 
geosynchronous orbits are included in the first group. For security reasons, military 
spacecraft are included with nonmilitary spacecraft missions.. This study is concerned 
primarily with the location of the spacecraft and the power demands so that this format 
was deemed acceptable. Location of spacecraft is important in this study as the laser 
power transmitter must be able to locate and track spacecraft for a duration of time 
when power can be transmitted via laser beam. It is crucial to determine when various 
spacecraft will be in view cf the transmitter, etc. 

Geosynchronous, Orbit Missions . Communications satellites compose the bulk of the 
missions in the geosynchronous category. It was assumed that present generation 
communications satellites would be replaced with newer and more powerful satellites. 
Many of the communications satellites would make use of the concept of orbital antenna 
farms which several payloads utilize a common frame and power supply. The power 
demand was assumed to be more than the sum of eight current satellites to allow for 
increased capability of each satellite. 

The next largest category of geosynchronous missions, the earth observation and 
weather satellites, are considered to be updated versions of present spacecraft. The 
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j | only deviations from communications or observation satellites included in the 

model are the radar and energy monitoring satellites concepts adapted from the Aero- 
space Advanced Systems report. The Coastal Anti-Collision Passive Radar will have 
i a need for an average of 300 kilowatts of power. / 

Low Earth Orbit Mission s. The Low Earth Orbit category includes a larger percentage 
j of missions which are still in the development stage. The most demanding in terms of 

! . power need is the weather modification spacecraft. Continuation of LANDSAT-type 

satellites is indicated as well as new ventures such as space processing. 

j Case 2: High Activity Level. By multiplying the most likely candidates by an integer 

greater than 1, a higher activity level can be obtained. This scenario thus creates r. 
more demanding environment in terms of total energy needs and number of spacecraft 
| requiring power from the laser source. Based on the sources utilized, this scenario 

1 projects a larger than anticipated mission model. 

! Case 3: Low Activity Level. This scenario indicates the low end of the activity scale 

■ where many of the less certain missions have been zeroed out. This scenario indicates 

a small number cf spacecraft which might be in orbit during the time frame. This 
scenario will test the cost-effectiveness of the laser power system at the low-activity 
| end of the spectrum. 

3.2 PARAMETRIC ANALYSIS 

! The purpose ot the parametric analysis with space- and ground-based laser trans- 

mitter(s) is to synthesize total laser power conversion systems and evaluate the in- 

sensitivities to determine acceptable systems. To properly evaluate the feasibility 
and cost effectiveness of space-to-space laser power conversion systems, it is 
necessary to investigate the interfaces and interactions of the primary system elements 
(satellites in the mission model, laser transmitter(s), and laser energy relay units). 
Each of the primary system elements is a satellite in itself for which the interaction r c 
and sensitivity of the major subsystems must be evaluated. In the case of the satellites 
in the mission model, the primary concern is the s pi nee raft electrical power sub- 
system with minor concern for the attitude control subsystem as it may be affected by 
’ the change to the laser power conversion subsystem. For comparison in later tasks, 

it is necessary that the new laser power conversion subsystem be compatible with the 
spacecraft with respect to weight and volume as well as electrically. Otherwise, a ’ 
complete new spacecraft design would be necessary and substantial changes in weight 
and volume could affect launch vehicles and operations far beyond the scope of this 
study. 

Tire terms "satellite” and "spacecraft" are many times used interchangeably; however, 
in this report a "satellite" is defined as a complete space vehicle containing a payload 
to perform mission requirements and a "spacecraft" to support the payload for functions 
such as guidance and navigation; command, communication, and control; attitude deter- 
mination and control; and to provide electrical power for both payload and spacecraft 
functions. 
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3.2.1 Space Laser Basing and Energy Transfer Opportunities 

The purpose of analysing the energy transfer opportunities is to establish the frequency 
of opportunities, the time period that energy can be transferred (within line-of-sight) 
and the range ever which ihe energy must be transferred. The frequency of opportu- 
nity affects the satellite energy atorage subsystems which provide power to the satellites 
during the periods between transfers and the energy storage and radiators to reject the 
excess energy that cannot be converted for satellite use. The lime period to transfer 
energy sizes the laser power required and must be within the time available. The 
range over which energy must be transfeired is needed for selection of laser wave- 
length and for sizing the laser transmitter aperture and the satellite receiver as well 
as to establish pointing and tracking requirements. 

Opportunity to transfer energy is a function of the laser transmitter orbital parameters 
and the orbital parameters of the satellites in ihe mission model (Task I). Figure 1 
illustrates the mission model orbits that must be considered when establishing the 
orbital parameters for the laser. Each orbit illustrated must uc considered individually 
and collectively as well as the satellites positions within their orbit and the position of 
the sun. The sun supplies energy to the laser transmitter; therefore, *he laser trans- 
mitter must be in the sun as much as possible. The time the laser is in the shadow 
of the earth is dependent upon the orbital parameters which can range from C% in the 
shade (sun synchronous) to about 30% (low altitude in same plane as the sun). A sun- 
synchronous inclination was selected for the laser transmitter so that laser energy 
could be provided at any time. A circular orbit of 6396-km (3480-nmi) altitude (4-hr 
orbit period) was selected to provide the best combination of frequencies of encounter, 
time in view, and range of energy transmission. This selection was based on the 
interaction and phasing with all orbits in the baseline mission model. 

The icser orbit altitude had little or no effect on the geosynchronous category of 
missions in the model; however. Decause of the ranges Involved between LEO and GEO 
orbits, laser energy relay units are deployed so that the receiver on the satellites can 
be of an acceptable size. Figure 2 depicts the locations and number of satellites in 
GEO. The solid circles show the selected locations for relay deployment. The view 
time per orbit for each satellite varies between 88 and 100% depending upon the time 
of day. The w'orst viewing conditions are when the GEO satellite is in the plane of the 
laser orbit, as would be the cases for the satellites located at 0 arid 180° in Figure 2. 

In these cases , the earth wall block the view for about 77° of the orbit or about 21% 
of the time, as depicted in View* AA of the figure. Every satellite will encounter the 
minimum viewing times twice every 24 hr. Other deployments for the relays were 
investigated but proved to be nonoptimum. For example, a relay in a 18-hr equatorial 
orbit w'ould have a view time of about 4 hr within a 10,000-km (5405-nmi) range each 
time it passed a satellite in GEO. However, the contacts would be 72 hr apart and 
full-time contact between relays and satellites would require 18 relays. Relays ir. 

GEO with the same range limitation can reach about 10° on either side so that 6 relays 
placed in the areas where they are needed can maintain the same full-time contact with 
ail satellites. To avoid the problem of one satellite blocking the view to another satel- 
lite, the relays would be placed in a synchronous orbit with about 1 or 2° inclination 
so ^at the relay would oscillate north and south of the equatorial plane. With this 
deployment scheme, a wide latitude of frequencies of encounters can be permitted. 




Figure 1. Mission Model Orbits 










The satellites of the mission model in low earth orbit present a very different problem 
j in that their orbital periods, altitudes, inclinations, and ellipticity vary from one 

another > The individual orbital parameters for each mission was examined with 
respect to the laser in sun-nynchrocous orbits with periods ranging from 2 to 6 hr. 
From these data, the 4-hr period for the laser was selected as having the best combi- 
* - nation of frequency, time in view, and range. Periods greater than 4 hr produced 

erratic phasing and frequency of encounter within acceptable ranges for satellites at 
low altitudes as well as the elliptical orbits. Below 4 hr the same occurred with satel- 
; lites at the higher altitudes. Generally, if the frequency and range were in acceptable 

limits, the time iii vl iw was also acceptable. Tne driving mission is the space pro- 
cessing in a 28.5° in dined circular orbit at 555-km (300-nmi) altitude. Figure 3 shows 
the encounter and ranges over a 10-day period. Examination of the pattern shows that 
the phasing repeats itself about every 15 d?ys and some of the encounters have ranges 
that do not get within 10,000 km (5400 nmi). Figure 4 is the same except over a 5-day 
period and with the phasing changed to begin with the longest range encounter. Figure 
5 shows the details of the first encounter of figure 4; however, the encounter time 
shown is not the minimum encounter time. The minimum encounter time is shown in 
Figure 6 to be 0.63 hr and occurs as the phasing changes later as may be seen in 
Figure 3. Similar data were run on the encounter computer program for each mission 
satellite orbital parameters with variation of the laser power transmitter orbital 
parameters. 

3.2.2 Ground Laser Basing and Energy Transfer Opportunities 

This section involves the parametric analysis of the ground-based laser concepts 
requiring the evaluation of ground site locations, relay orbital parameters and the 
requirements on the laser transmitters, relays, and power conversion units on mission 
satellites. The results discussed in this section do not represent a complete analysis 
in that redirection of the contract eliminated the necessity to complete the analysis. 

Ground Transmitter Site Selection n 

Transmitting a laser beam up through the atmosphere requires that the line-of-sight 
between laser and relay be free of clouds for transmitting the beam to a satellite at 
any tune. Hence, several ground sites are required such that the probability that all 
ground stations are simultaneously clouded is extremely remote. 

Weather statistics for several locations in the Western United States and Hawaii were 
used to determine joint probabilities of cloud overcase for the several sites. A mini- 
mum of five sites was found to be required to produce a cloud-free line-of-sight 
probability of 93% from at least one of the five sites at all times. The selected sites 
are shown in Figure 7 and are located in the Southwest at Edwards AFB, Blythe, 

Tucson, and El Paso, with an additional site located on the island of Hawaii. 

All the candidate sites possess accessible mountains in the near vicinity with elevations 
of 1.S30 m (6000 ft) or more. Hence, they are acceptable for locating a laser trans- 
mitter to reduce the detrimental effects of the atmosphere on the propagation of laser 
beams. 
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Figure 5. Space processing encounters and ranges (3 hr) 




















It appears desirable that transmitter selection should also be made with due considera- 
tion of the viewing opportunities that the ensemble has with the relay satellites. The 
selection would be based on obtaining the greatest \iev/Lng time and thus reducing the 
requirement on the number of relays needed. However, the site selection would be 
based on the type of relay orbit assumed. For the study, the relay satellite 
requirement was not used for the ground transmitter selection. 

Relay Satellite Deployment 

This analysis was undertaken to determine the number of relays required for continuous 
vieving c rom ground transmitters located in the Southwestern United States and Hawaii 
and the ranges and elevation angles from transmitter to relay. For 2 deployment to be 
acceptable, it must allow continuous viewing to a relay from both transmitters located 
in Hawaii and Tucson. The latter site is representative of these sites located in the 
Southwest United States. Because of the transmission Josses from the atmosphere, 
elevation angles during viewing were constrained to be greater than 30° above the 
horizon. In addition to viewing time and range for a relay associated with a deploy- 
ment, the average elevation during viewing was considered an important parameter 
which was used in addition to viewing time to obtain the best deployment. 

The first deployment scheme considered represented locating all relays in circular, 
equatorial orbit. Tnis arrangement permits the easiest method of analysis since the 
ground track remains on the equator. However, for ground sites removed from the 
equator, ranges become large and elevation angles small for fixed orbits. In partic- 
ular, transmitter sites in Southwest Continental United States result in the greatest 
ranges while elevation angles are near the 30° constraint. The variation in range and 
elevation angle with number of relays is" shown- in Figure 8 in which the transmitter is 
assumed to be near Tucson. 

To improve the viewing characteristics , inclined orbits were analyzed because of 
nearer proximity they have to sites in the Continental United States. In addition, to 
improve the time that a relay spends in the northern hemisphere, elliptical orbits 
were used. Because of this and to avoid stationkeeping to maintain apogee in the 
north, an inclination of G3.4° was selected. Orbital periods of fractions of a day were 
used to establish repeating ground tracks every day and hence repeating viewing 
characteristics. 


Figure 8 shows the variation in the range and elevation angle with the number of relays 
in the configuration for the elliptical inclined orbits. Values shown represent the mini- 
mum value between the Tucson and Ha vail sites. For a given number of relays, ranges 
do net vary appreciably between the inclined and equatorial deployments for the number 
of relays investigated. Maximum ranges were always less for meiined orbits except 
for 4-h:r relays (requiring 8 relays) when equatorial orbits had slightly less range. In 
addition, elevation angles for the inclined orbits were much higher than for equatorial 
orbits and in particular mean elevations are 10° or more higher. Hence, inclined 
orbits were selected over equatorial orbits for relay deployment. 


GROUND SITES ARE TUCSON AND HAWAII 
30° MINIMUM ELEVATION ANGLE 
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Figure 8. Comparison of relays in equatorial and elliptical orbits 





Selection of Inclined Relay Orbits 


The approach used to find the optimum inclined relay orbits was to select the longitude 
of ascending node for given location of apogee to achieve near-maximum viewing time 
to the worst ground site while maintaining an average elevation angle greater than 40° 
and at the same time giving good times and elevation angles for the other ground site. 
Generally. Hawaii’ possessed the minimum viewing time of the sites considered and 
hence determined the number of relays required. It was usually found that by locating 
the apogee at a lower latitude then the maximum 63.4 C N , both viewing time and ele-* 
vation angle were improved for the Hawaii site and degraded for Tucson resulting in. 
a more equitable distribution in viewing time between the two sites * 

Contact times were generated between ground sites at Tucson and Hawaii and relay 
satellites deployed in 3-. 4-, 6-, and 8-hr orbits all having a perigee at 500-km 
altitude; Both latitude at apogee and longitude at nods were varied to give the best 
total time in view and average transmitter elevation angle. Generally, deployments 
which were suitable to one site were unsuitable for the other. To improve viewing 
from Hawaii, it was found that locating the apogee at more southern latitudes im- 
proved coverage at Tucson's expense. 

For 8-hr orbits, a latitude of 45°N, and node at 15° E resulted in 6.12 hr of viewing 
from Tucson and 6.42 hr from Hawaii with an average elevation of 52° at both sites. 
From Hawaii, contact is over one continuous time period per day; however, from 
Tucson two contacts occur, one of short duration of 37 min. Using a realistic deploy- 
ment, Figure 0 shows the times per day that a four- relay network would be in view of 
Hawaii and Tucson. For the arrangement shown, Hawaii is almost continuously in 
view (can be continuously in view with slight orbit adjustment) but about 1.8 hr of 
outage occurs for Tucson. By readjusting the orbits, possibly reducing average 
elevation, continuous coverage at Tucson should be possible with four relays. 

With 6-hr orbits, the best latitude of apogee and node was 63.4°N and 8°E. These 
values resulted in a viewing time from Hawaii of 4. .75 hr and an average elevation 
angle of 48.0°. From Tucson the corresponding values were 5.83 hr and 44.7°. 

Using five relays, time over a site must exceed 4.8 hr. Because viewing from Tucson 
amounted to 5.7 hr, it was felt that times at the beginning and end of a viewing oppor- 
tunity totaling 1.0 hr would not be needed. Hence, low values of elevation angle which 
are included in the 44. 7 c average elevation angle for Tucson could be omitted, 
increasing the average to the corresponding with Hawaii. 

For this deployment, two viewing opportunities exist per day from both Tucson and 
Hawaii. For Hawaii the first is 142 min and the second is 143 min while for Tucson it 
is. 80 and 271 min. Figure 10 shows the viewing opportunities for the squadron for a 
representative arrangement of the relays in the squad. Outages of 1.75 and 1.5 hr 
exist for Tucson and Hawaii, respectively. By slightly varying orbital parameters, 
continuous coverage exist from both sites with five relay satellites. 
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Figure 9. Viewing opportunities for 8-hr orbits (4 relays) 








Figure 10. Viewing opportunities for 6-hr orbits (5 relays) 







With 4-hr orbit relays, the best latitude of apogee and node were 40 C N and 0° ( For 
Hawaii, 3.0 hr was the viewing time and 47.0° the average elevation angle. These 
orbits resulted in a view time from Tucson of 2.46 hr and 52.3° average elevation. 

Both sites have three viewing opportunities per day. A typical contact history using 
eight relays is shown in Figure II for the Tucson and Hawaii ground sices. The 
locations of the relays were chosen to provide continuous viewing from Hawaii. 

However, an outage of about 2 hr resulted for Tucson. Small orbit adjustments should 
result in continuous coverage of both sites with an eight relay squadron. i 

Finally, for 3-hr orbits the latitude of apogee and node locations that were best were 
45°N and 5°E. These values produced contact times of 2. 14 hr and 3.02 hr at Hawaii 
and Tucson with average elevation angles of 45.3° and 45. 5° , respectively. Three 
viewing opportunities exist per day to Hawaii and four to Tucson. ( 

A real deployment of twelve relays is shown in Figure 12 which presents the viewing 
times to Hawaii and Tucson. For the deployment used, Tucson is continuously in view 
and only about 1-hr outage exists for Hawaii. Thus twelve satellites should provide 
continuous coverage of both sites with an average elevation angle of 45*. 

Uplink Mirror Requirements 

The previous section dealt with the deployment of relays in orbit to achieve minimum 
range and maximum elevation angle for a given number of relays. For each network 
size and corresponding period, maximum range and mean elevation angle were found. 
This section concerns using those results to determine the optical requirements of the 
ground transmitter and relay receiver. Adaptive optics are considered to be necessary 
and one criterion for describing their complexity is the number of actuators required. 

Using elliptical orbits, it was shown that the mean elevation angle exceeded 45° for the 
deployments considered. Figure 13 shows the variation. of the 'total la beam divergence 
radius versus number of actuators for three transmitter diameters. This radius 
includes diffraction effects and the turbulence effect due to the atmosphere which is the 
most significant part for a number of actuators less than 10 4 . Figure 13 is for an 
elevation angle of 45° and possesses slightly smaller divergence values than those for 
30° (30° results in a 20% increase in turbulence). , 


Figure 14 shows the contribution that only turbulence plays in beam divergence for two 
values of number of actuators. Generally, as mirror diameter increases for fixed 
number of actuators, the wave front correction resolution decreases and consequently 
the turbulence spread increases. For 1C 3 actuators, the turbulence spread worsens 
with increasing mirror diameter until 20 m is reached. The reason for this is that the 
effectiveness of the mirror diameter exceeds the effectiveness for a given number of 
actuators. 


The la beam spread is found from the formula: 
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TUSCON VIEWING 



Figure -11. Viewing opportunities for 4-hr orbits (8 relays) 





3-HOUR ORBITS 
HAWAII VIEWINc 



Figure 12. Viewing opportunities for 3-hr orbits (12 relays) 







Figure 13. Variation of 1-a beam radius with number of actuators 
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where 


c t 0 = 1.3/tt (A/D) / 

o. . = 0.05 ^rad / ... 

' i f 

and e r iti found from Figure 14. The beam spread is plotted in Figure 15 as a func- 
tion of the transmitter aperture (D). From Figure 15 it can be seen that a 4-m aper- 
ture is optimum for 10 actuators. This requires packing actuators on to the 
transmitter face plate at about one per 13 cm^ and requires a computer and software " 
to support this many actuators. For 10^ actuators, the optimum mirror diameter is 
about 8 m. For this case, the placement of actuators occurs every 50 cm^. If the 
packing density is too great from a manufacturing standpoint, the mirror can be 
increased to 16 m and still allow the same relay receiver optics. 

Table m shows the relay receiver aperture size requirements for the two optimum 
transmitter apertures for four relay deployments. These apertures correspond to 
capturing a 2 -o beam at the maximum ranges indicated. 

It should be mentioned that thermal blooming was omitted from this analysis. However, 
if laser power is large (approximately greater than 100 MW), thermal blooming may 
exist for the small aperture sizes. However, laser power requirements are expected 
to be significantly less than 100 MW. 

TABLE IH. RELAY RECEIVER APERTURE REQUIREMENTS 


IQ 3 Actuators 


10^ Actuators 


No. Satellites 
in Network 


Maximum Transmit Receive Transmit Receive 


9,700 

14,300 

22,000 

28,700 


Relay to Satellite Link 


To determine relay transmitter and satellite receiver optical requirements, the opera- 
tional range between relay and satellite must be analyzed. This analysis was first 
done assuming the radius vector to relay perpendicular to the satellite orbit plane. 

For this approximately average situation, the range between relay and satellite was 
determines as a function of the number of relays. Figure 16 presents the range varia- 
tion for the case in which the satellite is at a low altitude of 500 km. Ranges are 
indicated to vary between 15,000 and 35,000 km for relays in 3- to S-hr elliptic orbits. 
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OPTIMUM TRANSMITTER APERTURE 



Figure 15. Total beam spread variation 
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For this range of values in the range, requirements on the receiver aperture were 
determined as a function of the relay aperture. Because of the long ranges involved, 
all of which are in space, reducing jitter is advantageous in reducing beam spread 
since turbulence is no longer the primary contributor to beam spread as it was for the 
uplink. Hence, it was assumed that values for jitter could be achieved equal to half 
the diffraction limit corresponding to a particular relay transmitter diameter. The 
variation in satellite receiver aperture with relay aperture is shown in Figure 17 for 
a fixed wavefront error of X/20 and represents sizing the receiver for a 2-a beam.. . 
Without going to excessively large transmitters, receiver sizes vary between 1 to 8 m 
for ranges investigated. Figure 18 shows the variation of receiver with transmitter 
for the particular cases investigated corresponding to orbits of 3, 4, 6, and 8 hr. 

In the event that energy must be relayed to satellites frequently such as once an hour, 
and over relatively long periods of time such as 15 to 30 minutes," the average range 
may not be suitable for sizing the transmitter/receiver optics. For this reason, 
actual time variations in the range to satellites in the mission model from the candidate 
relay deployments required compulation. Time did not permit the computation of the 
range variation for all relays and satellites. The variation was computed for a four- 
relay squadron each in an 8-hr orbit during the times the deployment was .within view 
of the Hawaii transmitter. Two satellites in the laser power conversion mission model 
were included, one being the Space Processing Satellite (300 nmi, 28.5° inclination) 
representing low earth orbits of less than 600 nmi and the other the Transportation 
Services/Navigation Satellite (8000 nmi, polar) representing orbits greater than 
600 nmi. 

Figures 19 through 21 show the variation in range between relay and low-altitude 
satellites over a 24-hr period for three different orientations of the satellite orbit. - 
During approximately every 6 hr in the day one relay in the deployment is simultane- 
ously in view of the satellite and the Hawaii ground transmitter. The dashed portions 
of the curves represent times when the satellite is behind the earth and out of view of 
the relay. As can be seen, very little overlap exists during which times two relays 
are within range of the satellite provided the satellite is not behind the earth. 

The total time that the satellite is in view of a relay appears to be nearly consta.it for 
the various orientations included. This variation would be similar to those associated 
with varying the location of the satellite in its orbit. For this case 15 hr are available 
per day during which power can be beamed from the Hawaii ground transmitter to LEO 
satellites. 

If energy transfer must take place frequently such that the best times cannot be selected 
per day, then the range variation is between 10,000 and 36,000 km as opposed zo the 
34,500-km range found earlier for tin's case. Thus the earlier results represent the 
upper bound for the case when transmission must occur at unfavorable times. 

It can be seen that periods exist of up to 45 min when the satellite is behind the earth 
and lost from view of the relay. Energy transfer from the Hawaii transmitter is not 
possible during those times which would demand multiple coverage relay deployments 
if continuous time is required. Some reduction in the outage time exists for single 
coverage if all transmitters are free of cloud cover. 
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Figure 19. Four-relay network with Hawaii viewing (300 runi, 0°) 
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Figure 20. Four-relay network with Hawaii viewing (300 nmi, 180") 
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wall viewing (300 nmi, 270°) 









Figures 22 through 24 show the range variation for the 8000-nmi satellite from the 
four-relay network. Ranges are seen to vary between 54,000 km and 1000 km. In 
this ease, ranges found by the first method would not result in the greatest operational 
ranges as for example a range of 40 , 000 km would be predicted for this case as 
compared to the 54,000-km maximum range found here. 

■i 

Because of the higher altitude of the satellite, greater contact time is possible when 
the earth is not obstructing view. Only 2 to 3 hr per day are lost because of earth 
occultation which may allow single coverage if near continuous coverage is required. 
Use of the other ground sites would reduce the outage given for this case. 

3.2.3 Satellite Receiver Sizing 1 - ^ 

i 

The satellite receiver size, whether optical, or ether type, is. dependent upon the laser 
beam spot size and the flux level that will miss the receiver and impinge on the mission 
satellite. Figure 25 shows the effect of range on spot diameters for 0.5-, 5.0-, and 
10.6-/ma wavelengths (X) with a 30-m-diameter transmitting aperture, 0.05-prad jitter, 
X/50 wavefront error, and a beam quality 1.3 times diffraction. The deployment 
analysis showed that ranges up to 10,000 km would be required which will require laser 
wavelengths of less than 5.0 pm to attain a receiver diameter of 5 ra or less. Figure 
26 shows the laser beam profile flux intensities for a 10,000-km range and a las»!r 
power of 10 MW. As may be noted, a 5.0-pm wavelength would have a flux density in 
the order of 10 W/cm^ at the edge of a 5-m-diameter receiver. This flux density 
could be damaging to the mission satellite. Therefore, an even shorter wavelength 
will be required. To reduce the flux level to approximately that of the sun, a wave- 
length of about 0.5 pm will be required. With a 5-m receiver and a wavelength of 
0.5 pm, the receiver will intercept more than 95% of the laser energy as shown in 
Figure 27. This preliminary sizing of the receiver illustrates the worst case and 
depending bn the specific* parameters of each mission satellite and the ranges during 
energy transfer opportunities, receivers will be rized equal to 5-m diameter or less. 

3.2.4 Power Conversion System Concepts 

\ 

A wide spectrum of potential subsystems has. been examined for the conversion of laser 
energy to electrical energy on the spacecraft. The important considerations associated 
with the power conversion subsystems are: 

, _ t 

Q Applicable wavelengths 
o Conversion efficiency 
© Conversion time factors 
o Weight 

© Energy storage requirements 

As presented previously, the orbital dynamics and laser utilization constraints restrict 
the delivery of laser energy to relatively short time spans, requiring that energy be 
stored to supply the spacecraft until the next energy delivery opportunity. This opera- 
tional consideration had a significant impact on the power conversion subsystem 
results. 
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Fig. 27 Receiver Efficiencies 
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The power conversion subsystems initially considered are summarized in Table IV. 
Conversion efficiencies are not shown since these are a function of a number of 
variables. 

3.2.4. 1 Establishment of the Candidate Subsystems 

The potential power conversion systems presented in Table IV were examined to 
select those for inclusion in the subsystems and to eliminate those which are not well 
suited for the missions or offer no particular advantages. 

It was concluded that the optical diodes and antireflection coated metal oxide semicon- 
ductor offered no particular advantages over the photovoltaic cells, and it was not 
necessary to evaluate these separately. The technologies for the optical diode and the 
anti reflection coated metal oxide semiconductors are at a very early state of develop- 
ment, but the indications are that the efficiencies would likely not exceed those of the 
photovoltaic specifically tailored for lasers, and the weights would not be less. 

The photo-assistance cells are not considered applicable to the space missions defined 
for this study because of the high-energy laser energy input rates and the collection 
and storage of the output gases. 

The remaining power conversion concepts were employed to establish candidate sub- 
systems as presented in Table V. The matrix considers the method of receiving, 
storing (as applicable), and conversion to electrical nowcr, including more than one 
cycle in order to utilize as much of the energy as possible. Heat rejection approaches 
are important considerations in the thermodynamic cycles, and alternate possibilities 
were included in the matrix. 

As the evaluations of the power conversion subsystems progressed , it was found that 
it was not necessary to consider all the possibilities presented in Table V, since some 
produced little impact upon the conclusions. The power conversion subsystems were 
subsequently grouped into three categories: 

(1) Real-time conversion to electrical or mechanical energy 

(2) Real-time conversion to electrical energy, plus bottoming cycle utilizing 
delayed conversion 

(3) Energy storage with delayed conversion 

These subsystems categories are evaluated in subsequent sections. 

3.2. 4.2 Power Con version Subsystems 

i 

i 

Power conversion concept data were principally derived from utilization and expansion 
of previous studies (Refs, I through 32). The assumptions regarding efficiencies and 
weights are considered to be optimistie in order to allow for future technology 
improvements. 
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TABLE IV. POWER CONVERSION DEVICE SUMMARY 












TABLE V. MATRIX OF POTENTIAL POWER CC 










































Photovoltaic Converter. 


Photovoltaic convertors of the p/n junction type which are fabricated for specific 
wavelengths can have up to 45% efficiency when converting laser monochromatic light 
(Ref. 1). Of course* these are only applicable to wavelengths less than 1 /xm. An 
applicable photovoltaic cell may be the A1 (Ga) As ternary. To assume the best 
forseeable performance, an efficiency of 45% at 473 K (200 °C) was utilised for wave- 
lengths of approximately 0.5 pm. It was also assumed that intensities up to about 
600 kW/m 2 were acceptable (approximately 500 suns). 

The photovoltaic array was assumed to be the laser radiation receiver. Since the 
waste energy (55% of incident) must be removed, a circulated water heatsink was 
provided as shown in Figure 28. Between irradiations, the water is cooled by reject- 
ing the heat to space from the back side of the receiver. Since the upper temperature 
of the water is fixed at about 450 K (for a cell temperature of 473 K), the heat storage 
for a given weight of water can be increased by lowering the initial temperature of the 
water. However, since the waste heat-must be rejected between laser irradiations, a 
fixed energy input and heat rejection time will determine the water weight related to 
an initial temperature. A computer program was utilized to establish minimum water 
weights based on laser energy input and time available for heat rejection. This com- 
puter program also calculated the entire weight of the receiver consisting of the water, 
heat exchanger, substrate, and photovoltaic ceils. 

Thermo electronic Converter 

Background information for the thermoelectronic converter (TSLEC) was derived 
from Refs. 2 and 3, and information from Rasor Associates. The TELEC is a 
plasma device which absorbs the laser beam by inverse breinsstrahlung with the 
plasma electrons. The principal configuration of the TELEC requires a narrowly 
focused , collimated beam with a long optical path in the plasma to absorb nearly all 
of the beam energy (Figure 29). Cesium provides a good media because of its low 
ionization potential and large atomic mass. 

In a sense, the TELEC device is a heat engine which has a peak cycle temperature 
which is the electron temperature of the plasma. The electrons diffuse out of the 
plasma, striking two electrodes of different areas. The larger one is designated the 
"collector,” and the smaller the "emitter." An electric current is generated between 
the electrodes. 

The design concept shown in Figure 29 was selected by Rasor Associates since it does 
not require the emitter to be in the path of the laser beam. LMSC estimated the weight 
of this type of device, assuming that the emitter was tungsten, the collector and busbar 
molybdenum, and that the device was cooled by the melting of lithium hydride. (The 
heat stored in the lithium hydride could subsequently be used in other energy conversion 
processes.) 

The energy conversion in a TELEC device is in real time, requiring storage of the 
electrical energy. Thi3 requires substantial battery capability, which was a major 
consideration in subsequent tradeoffs. 
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Figure 29, TELEC device concept and typical weights 




Thermionic Converter 


The thermionic devices convert heat directly to electricity. A metal electrode is 
heated sufficiently to emit electrons (the emitter) . The electrons cross a narrow 
interelectrode gap and are collected by another metal electrode (the collector) . The 
flow of electrons constitutes an electric current which provides power to the load. 

Data utilized in the analyses were derived principally from Refs. 1 through 4. Typical 
data are presented in Figures 30 and 31. The likely upper limit for the converters is 
100 A/cm 2 , which corresponds to less than 400 W/cm2 of neat input. Therefore, in 
the design of the thermionic receiver, the energy distribution of the beam must be 
such that it does not exceed 400 W/cm at any point ir. the beam. 

Bray ton Cycle 

The Brayton cycle evaluation was based on actual data compiled from a literature 
search and from cycle calculations which attempted to normalize the data to fixed 
parameters such as turbine inlet temperature. .. The literature search was extensive 
and evaluated both nuclear- and solar-powered Brayton cycles designed for space 
application. The data which were the basis for the power subsystem predicted mass 
and efficiency as a function of electrical power level, are presented in Table VI. The 
available data ranged from 0.5 k\V e output to multimegawatt output. 

Evaluation of the available data led to the conclusion that the helium-xenon mixture 
would be superior for closed Brayton cycle applications. The effect of increasing 
working fluid molecular weight is a reduction in the turbomachinery rotational speed 
and an increase in the cycle pressure level while maintaining wheel diameter aud 
specific speed. If a pure inert gas is used, an increase in molecular weight results 
in a decrease in heat transfer coefficient which translates to increased heat exchanger 
size (Figure 32). 

However, by mixing highly conductive helium with a heavy gas, such as xenon, both 
the thermal conductivity and molecular weight can be increased with favorable results 
to the turbomachinery and the heat exchangers. Based on considerable development 
efforts with a He-Xe mixture at a molecular weight of 83.8 and the significant (~50%) 
reduction in heat exchanger size (as compared to an inert gas* of equal molecular 
weight), the mix was selected for all Brayton cycle evaluations. 

Cycle analyses and evaluations were conducted to determine the effect of electrical 
power output on cycle performance. Since a large number of factors, such as turbine 
inlet temperature, heat rejection temperature, turbomachinery efficiencies, system 
pressure drops and recuperator effectiveness affect overall power cycle efficiency, 
detailed cycle analyses were not accomplished in this study. The approach used was 
to compile Brayton cycle data over a range of power levels from 0.5 kW e to several 
MW e (Refs. 5 through 19). 

However, only the 1 to 100 kW e is presented in detail in Table VI since this appeared 
to be the range of greatest interest for Brayton cycle applicability in this study. 

Plotted data, such as cycle efficiency, are presented out to 1000 MW e . Typical cycle 
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Power Level (kW^) 

1.3 

2.6 

5 

7.25 

10.5 

20 

j 
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100 

* (ib/e) 

0.203 

0.406 

0.916 

0.657 

1.32 

1.125 

4.55 

G. 18 

TIT CR) 

2.060 

2,060 

1.660 

2.000 

2,060 

1,960* 

1,760 

1 ,960 

(pain) 

57.6 

57,6 

33.6 

22.4 

43.2 

82.7 

62.7 

1G3.7 

^cycle 

0.27 

0.27 

0.137 

0.29 

0. 26 

0.36 

0.1GK 

0.132 

Pj (Pale) 

37 

37 

33.6 

12.25 

23.7 

31.3 

62.7 

81 

T 1 ( * R) 

485 

485 

620 

525 

540 

540 

650 

770 

Working Fluid 

He-Xe 

He-Xe 

Ar 

He-Xe 

Ar 

Ar 

Ar 

Ilc-Xe 

Mol Weight 

83.8 

83.8 

40 

60 

83.8 

40 

40 

40 ' 

') C 

0.76 

0.76 

0.832 

0.813 

0. 79 

0.83 

0.853 

0.545 

n c 

1.56 

1.56 

1.781 

- 

1.9 

2.00 

1.90G 

2.12 

"t 

0.82 

0.82 

0.894 

0.878 

0.89 

0.893 ! 

0.911 ! 

0.911 

n . 

1.52 

1.52 

- 


- 

- 

- 

l.bCC 

Rad. Area (ft 2 ) 

31 

62 

329 

600 .j 

790 

798 

1,466 

2.800 

Sink Temperature (*R) 

390 

390 

1 

400 
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- 

- 

388 

DRU (tbm) 

35 

70 

60 

70 1 

- 

178 

110 

220 

N 

52.000 

52,000 / 1 

48,000 • 

- 

36.000 

64.000 

34 .000 


Radiator (Ibni) 

B0 

110 

275- 

300 

790 

°?5 

2.000 

3,000 

Recuperator (Ibm) 

10G 

212 

50 

+243 

120 

- 

108 

145 

220 

HEX (heat source) 
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60 

2G0 
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Controls 

10 

12 

140 
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Ducting etc. 

60 
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75 

1 

75 ; 

- 

- 

200 

120 

Specific Mass (1b/kW e ) 

2G6 

227 

132 

- 

- 

63 

77 
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Notes: 


m = mass flow 

be 

- compressor efficiency 

BRLI » 

Bray tun Rotating Unit 

TIT - turbine inlet temperature 

«c 

-• compression action 


(includes alternator) 

P, « turbine inlet pressure overall 


* turbine efficiency 

N 

RPM 

n . = 8 -cycle efficiency 

jP>c e _ compressor inlet temperature 

»t 

Rad 

= expansion ratio 
- radiator 

HEX - 

heat exchanger 

T: * compressor inlet temperature 
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Figure 32. Effect of molecular weight on heat exchanger size (Ref. 5) 

data are presented in Figure 33. The data were obtained from a number of brochures 
supplied by the AiResearch Division of the Garrett Corporation. The data illustrate 
a typical state-of-the-art Brayton cycle system, i.e. , turbine inlet temperature of 
1144 K, heat rejection temperature of approximately 220 K, and a helium-xenon 
working fluid with a molecular weight of 83.8. The system features a single stage 
radial compressor and a single stage radial turbine. As power levels increase, single 
stage turbomachinery can be used to at least the 100-kW e level. As power levels 
reach the 1 -MW range, it was assumed that both the turbine and compressor were 
multistage, axial-flow machines and appropriate component efficiencies and weights 
were used in the presented data. 

Based on these assumptions and data from Refs. 6 and 7 and Table VI, it was found 
that compressor and turbine efficiencies formed a band of data. These predicted 
efficiencies are presented in Figure 34. The lower edges of the bands typify existing 
state-of-the-art equipments. The upper edges of the bands is a combination of actual 
equipment plus improvements that can be achieved in the future. These predicted 
efficiencies assume that single-stage radial flow turbomachinery will be used where 
possible. If specific speed for a single stage machine does, not result in an acceptable 
efficiency, a multistage machine would be used. 
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Figure 33. 1.3 kW Bray ton cycle schematic 
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TURB. INLET TEMP 2500°R 




As power level increases , radiator size will increase. Therefore, the schematic 
shown In Figure 33 would be modified by changing from the gas radiator to a liquid 
radiator and a liquid/gas heat exchanger for cooling of the turbomachinery working 
fluid. The use of a liquid heat rejection loop may require increased radiator area 
bu- should result in lower overall system mass. The higher density cooling fluid 
results in higher heat transfer coefficients, lower system pressure drops, and lighter 
radiators ;ts less armor thickness is required due to a smaller vulnerable area. 
Optimization studies were not conducted but review of available data indicates that the 
crossover between a gas and liquid radiator is in the 40 to 50 kW range. 

Based on the data of related references and predicted trends for component efficiency 
improvements, Brayton cycle power system efficiencies were developed and are pre- 
sented in Figure 35. The presented efficiencies are based on actual measured or 
calculated values for cycles reviewed in the literature search. The state-of-the-art 
approach (see Table VI) was considered to he a turbine inlet temperature (TIT) of 
1144 K. This would allow use of conventional superalloys for turbine wheel materials. 
Advanced technology superalloys are predicted to increase turbine inlet temperature 
to the 1250 K range and for subsystem mass calculations, the higher temperature was 
used. .The maximum TIT of 1395 K shown on Figure 35 is based on use of refractory 
materials, such as molybdenum, for the turbine wheel (s). While this would result in 
higher system efficiencies and lower system mass, for long-life application it is 
riskier and Is not warranted for power levels of interest, i.e. , 1 to 50 kWe. For 
high-power levels, such as 1 MW e or greater, the 1395 K TIT or even higher would be 
recommended due to the decreased mass and increased efficiency. 

Brayton system specific mass was calculated and is presented in Figure 36. The 
calculated mass is for the Brayton cycle system only and does not include satellite 
structure, power conversion equipment other than the alternator, and the heat source 
for the Brayton cycle working fluid. The plotted data come basically from the data of. 
Table VI, the cited references, and application of data from the references. Where 
possible, actual equipments weights were used and extrapolated for the effect of the 
1250 K turbine inlet temperature. The 1250 K TIT was selected based on the use of 
advanced superalloy materials for the turbine wheel(s). Due to the improved overall 
cycle efficiency, all data presented in Figure 36 are for regenerated cycles. For the 
higher power levels (> 1 MWe). multistage machinery is probable. Due to the increased 
complexity, it was assumed that where multistage turbomachinery is used, that no 
interstage cooling or reheating is used. 

Rankine Cycle 

The Rankine cycle data presented herein is a compilation of actual cycle data from the 
cited references. Where possible, actual cycle;; were obtained as were actual or 
predicted component weights from the reference material. Where data could not be 
conveniently acquired for a specific component, such as mass, it was estimated by 
using available data from similar equipments. The literature search reviewed pro- 
posed actual Rankine cycles for output powers from 1 kW e to 12 MW e . Both nuclear 
and solar heat sources were used and for the data presented herein, data from cycles 
using solar heat sources were favored as it is considered to be more like a laser 
source heat input. 
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The available data are presented in Table VII and as can be seen, ranges from organic 
fluids at the low power levels to potassium at the higher ends. Table VTT does not 
present all the data obtained but is considered to be a representative sample for the 
power range evaluated. Specific references which supplied the data or the majority 
of the data for a given power level are also listed in Table VII. Some component mass 
data of Table VII were generated as available data did not always list all components. 
Tne areas left blank in Table VII were due to the lack of readily available data. As 
the range of data adequately covered the range of interest, extensive additional search 
was not deemed prudent. 

The data of Table VU fomied the basis of the specific mass curve presented in 
Figure 37. As noted, the specific mass does not include the heat source, or any heat 
storage media. Also, the data does not include any power conditioning equipment but 
does include the generator or alternator. Support structure is not included but inter- 
connecting ducting for the Rankine cycle working fluid is included. The data represent 
the lower bound since the system would be used in the 1980 f s and available data were 
from the mid to late 1960 *s. Advancing technology should continue to improve in the 
areas of high strength, lightweight materials; thus the approach taken is deemed 
sound. 

A typical Rankine cycle schematic is presented in Figure 38. The data is for an 
organic fluid rnd comes from Ref. 24. The schematic shows the basic components 
of a Rankine cycle power system with one addition for lower power Rankine cycles 
using organic fluids; that is, the regenerator. At higher power levels, the jet 
condenser is replaced by a conventional condenser. In some cases the condenser is 
also combined with the radiator. Where data indicated, this approach was used in the 
component masses presented. 

As can be seen from Table VII, Rankine cycle power system efficiencies would range 
from approximately 13 to 25%, As shown in Figure 39, these data follow a generalized 
pattern and are a function of cycle temperature ratio. It can be seen that maximum 
Rankine cycle efficiency will be on the order of 25%. If a binary cycle were used, it 
is probable that overall cycle efficiency on the order of 35 to 40% could be achieved. 

Piston Engine Cycles 

Based on the fact that Stirling and diesel cycles have theoretical higher efficiencies 
than the Braytcn, these cycles were evaluated for potential onboard conversion of 
laser heat energy to electrical energy. An extensive literature search revealed a 
minimal amount of data on these cycles for the proposed application. 

Review of data from Refs. 30 and 31 showed that for Stirling cycles, overall 
efficiency would he about 19% for the 0.5- to l-kW e range and approximately 40% for 
the 20- to 30-kWe range. 

However, the Stirling cycle has potential areas cf concern for long-life application. 

As pointed out in Ref. 32, the cycle is sensitive to imperfect sealing of the piston 
rings and the crankcase seal. Both of these areas need major improvements before 
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Figure 37. Rankine cycle power systems 
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Figure 39 Dynamic Power Cycle Efficiency Comparison (Ref. 1) 

multiyear life without maintenance can be considered. In addition, since helium or 
hydrogen are the most common working fluids, additional problems are presented 
with diffusion of the gases through the metal of the heater and the diaphragm seal. 

In Figures 40 and 41, at low power levels (< 20 kW), the piston engine concepts have 
potential for the highest cycle efficiencies. As shown in Figure 40, the diesel cycle 
has a higher potential at lower power levels than even the high-efficiency Brayton/ 
energy exchange cycle. As shown in Figure 41, the Stirling cycle has a higher poten- 
tial efficiency than any other cycle . 

However, since both of the cycles rely on piston rings to seal, they have the same 
potential seal/life problems. Additionally, they have not been demonstrated to any 
significant extent in the closed-cycle application. As shown in Figure 40, they also 
do not have a significant improvement in overall cycle efficiency as compared to the 
Brayton/energy exchanger cycle. 

High-Efficiency Energy Exchanger /Brayton Cycle 

As shown in the previous sections, the efficiency of typical Brayton and Rankine power 
cycles at power levels of interest would be in the order of 35 and 25%, respectively. 
The working fluid of these systems wnuld be supplied heat by onboard phase-change 
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d. He-Xe GAS TURBINE/ENERGY EXCHANGER WITH REGENERATION; 

T ~ 3000 K, T . = 300 K, y = 5/3 

man ' min ' 
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Figure 40. Overall efficiency comparison of power cycle concepts (Ref. 29) 
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Figure 41. Comparison of maximum work Diesel, Otto, and Brayton cycles 

with GP and Stirling cycles (minimum and maximum temperatures 
and minimum pressure held constant) 
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material. These relatively low efficiencies would thus require a large mass for the 
heat storage to the detriment of the dynamic power system. 

To improve overall cycle efficiency, a study was conducted of approaches that could 
be used with temperatures associated with laser heating of materials . One of the 
concepts evaluated was the use of a wave energy exchanger, Jiased on the work 
presented in Ref. 28 , and others, a Bravton cycle combined with the wave energy 
exchanger has a predicted overall cycle conversion efficiency of 50% or greater in the 
20- to 60-kW e range. / 

The wave energy exchanger is a device which transfers work from one gas to another 
by unsteady gas dynamic compression and expansion within tubes which rotate with 
respect to stationary supply and exhaust manifolds. The proposed wave energy 
exchanger approach is described in detail in Ref. 27 where it is shown that the 
device can be used to circumvent the turbine inlet temperature limitations of gas 
turbines. That is, 1170 K, for superalloy turbine wneeis which would be required to 
operate continuously for many years. 

The approach used to determine the estimated efficiency of a Brayton cycle using an 
energy exchanger was to apply the techniques of Refs. 28 and 29. As previously 
stated, turbine inlet temperature was limited to 1170 K and based on use of a phase- 
change material for storage of the beamed onboard laser energy, the energy exchanger 
inlet temperature was limited to 2150 K. 


Based on the work presented in Refs. 28 and 29 , a Brayton-type power cycle was 
constructed and is presented in Figure 42. As can be seen, the cycle features three 
compressors in the driver gas loop (Loop D) . The cycle also features a 300 K mini- 
mum temperature and 1170 K into the regenerator whicl is deemed to be the maxi- 
mum allowable for multiyear use. The selection of thriie intercooled compressors 
was based on work reported in Ref, 29 which found this arrangement to be the best 
configuration. 

The use of the wave energy exchanger requires that there he impedance matching 
between the driver and the driven gas (loop D and loop d). The driven gas must be of 
a lower molecular weight and the ratio of molecular weights must equal the ratio of 
turbine inlet temperature to cycle maximum temperature. Using Figure 42 as a 
reference, this becomes: 


T M 

III - 111 ~ 1110 

T 8 ~ M g ~ 2150 


0.544 


Based on previous Brayton cycle analysis, a helium-xenon mixture at a molecular 
weight of 83.8 was selected for the driver gas. Using the above ratio, a molecular 
weight of 45.6 was calculated for the driven gas. Using a regenerator effectiveness 
of 0.9, an energy exchanger efficiency of 0.85, the compressor (tjq^) and turbine • 
(7?td) efficiencies shown on Figure 42 and the equations derived in Ref. 23, cycle 
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calculations were made. The computed pressures and temperatures are shown in | j 

Figure 42 and resulted in an overall cycle efficiency of 49.5%. As shown in Figure 42, ;; ] ) 

the output power is 34 k\V e and based on an alternator efficiency of 90% the mass flow ** ; 

weights for the two loops (D and d) are cal ulated and are shown on the figure. __ 


The three compressors would be radial flow machines and have a pressure ratio of 
2. 02 each. Based on an assumed speed of 24 ,000 rpm , the specific speed was calcu- 
lated using the equation: 


and found to be 130. This value is in the range where the assumed compressor ef- 
ficiency of 82. 3% can be achieved (Ref. 3-13). 

Using the same techniques and assuming a radial flow turbine for a specific speed of 
50, a turbine speed in excess of 200,000 rpm was calculated. Since this is not only an 
unacceptably high speed but does not match compressor speed . it was concluded that 
multistages would be required. Since multistage radial flow turbines result in a com- 
plicated machinery arrangement and interstage reheat was not required , it was con- 
cluded that the turbine should be a multistage axial flow machine. Detailed calculations 
on the turbine were not done but rudimentary calculations indicate that it would be a 
7- to 8-stage machine to get a rotation speed that matched the compressor and could 
satisfy the temperature and pressure ratios required for the cycle. 

Based on available data for the types of components that are used in the cycle, subsys- 
tem mass was estimated and is shown in Table Vm. 

TABLE Vm. HIGH EFFICIENCY ENERGY EXCHANGER/BRAYTON CYCLE 

SUBSYSTEM MASS (kg) 




Quantity 

Mass 

Compressors 

3 

28 

Turbine 

1 

30 

Alternator 

1 

32 

Recuperator 

1 

86 

Driver Loop Heat Rejection S/S 

AR 

600 

Driven Loop Heat Rejection S/S 

AR 

690 

Controls 


64 

Plumbing, etc. 


90 

! 


1,600. 


The energy exchanger mass was not included as data were not available to do a calcu- 
lation. Also not included would be the heat storage material, the heat source heat 
exchanger, any satellite support structure, or the power distribution equipment. 





3. 2. 4. 3 Energy Storage 




As discussed in section 3.2.2, the energy transfer opportunities dictate that the laser 
energy must be transferred at a high rate, followed by use of this energy by the satel- 
lite over a long period of time. This requires some form of efficient energy storage. 

Electrical Energy Stora ge -• j 

The high charge rate associated with energy transfer by laser radiation imposes very 
severe requirements on batteries. Conventional solar cell electrical power systems 
charge the batteries while the satellite is in sunlight, and the batteries discharge while 
the satellite is in the earth's shadow. Energy transmission by laser must occur during 
the transfer opportunities, and enough storage must be provided until the next oppor- 
tunity. In addition to the high charge rate considerations, battery cycle life is an 
important consideration, and cycle life is dependent upon the degree of discharge 
allowed. In turn, the degree of discharge is directly related to the weight of batteries 
required. 

Nickel-cadmium cell weight relative to a dimensionless charge rate is shown in 
Figure 43. The feasibility of cell construction, as a function of charge-rate and cell 
capacity, is 3hown in Figure 44. Cycle life relative to the degree of discharge is 
presented in Figure 45, also as a function of operating temperature. Scaling factors 
relating the NiCd data to the nickel-hydrogen (NiH2) and regenerative fuel cells (RFC) 
are as follows. 



j 

i 

i 


i 



Weigh tj^ system 0 . 6 Weigbt NiCd sy Stem 


Weighty F c Sy s tem 3 Wei 5 ht NiC d System 

Volume NiH 2 System = 2 ' 5 Volume NiCd System 


Volume RFC System * [ P + 2 pfc~)l V ° 1 ' u ” e NiCd System tP <“" 

" Volu “ e NtCd System <“ p ! 

The battery data were employed in analyses to determine the weights of batteries 
required for satellite requirements which were representative of those in the mission 
model. The results are presented in Figure 46. As shown, the optimum degree of 
discharge appears to be at about 36%. This value was utilized in the analyses. 



The conversion of laser energy to mechanical energy for storage requires the produc- 
tion of electrical power foy some means such as TfiLEC) and the operation of an 
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Figure 44. Feasible storage cells 
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electric motor to store the energy in a flywheel. - To remove the stored energy requires 
that the flywheel transfer its energy to an electric generator. One of the related prob- 
lems is speed control As energy is takenJrom the flywheel, its speed drops. However 
there cannot be large speed variations in the electrical generator, which leads to 
substantial energy transmission problems. 

The state-of-the-art in flywheel technology is presented in Figure 47. The maximum 
achievable energy density in future years appears to be less than 100 W-hr/lb. 

H eat Storage 

The laser energy may be stored as heat and then converted to electrical energy on a 
demand basis. This can be accomplished by having the heat storage as an integral 
part of the receiver. Possible approaches which were examined are presented in 
Figure 48. 

Heat Storage in Photovoltaic Concept. The storage of heat in the photovoltaic concepts 
is for the purpose of heat rejection. The temperature of the water is too low for use 
in efficient thermodynamic cycles. 

Hear Storage for Use in Mechanical Energy Conversion . Heat can be stored in high 
temperature molten salts, as shown in Figure 48, for use in efficient thermodynamic 
cycles. The only practical method is to provide for energy storage by having materials 
with high heats of fusion and sufficiently high melting temperatures . 

If heat storage is used in conjunction with thermionic devices, then the temperature of 
the molten salt must be sufficiently low to allow the device to function efficiently. This 
is approximately 1000 K if the emitter is operating at 2000 K. 

The heat is transferred to the energy conversion subsystem by heating the working 
gases (or liquids) by means of heat exchangers in contact with the molten salt. 

3.2.5 Evaluation of Power Conversion System 

3.2.5. 1 Evaluation of Real-Time Conversion to Electrical or Mechanical Energy 

As discussed in previous sections, the time available for energy transfer by laser is 
relatively short. Energy that \s transferred must be stored rapidly. The principle 
real-time conversion methods are shown in Table IX. Since the real-time conversion 
produces electrical energy at a high rate, it must be stored in batteries, induction 
storage, or transferred to a flywheel. 


TYPE SHAPE I ENERGY DENSITY (W-HR/LB) 
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TABLE IX. REAL-TIME CONVERSION TO ELECTRICAL 
OR MECHANICAL ENERGY 


RECEIVER 

CONVERTER 

ENERGY 

STORAGE 

WASTE 

HEAT / 

DISPOSITION ' 

PHOTOVOLTAIC 

PHOTOVOLTAIC 

BATTERIES 
(OR IN- 
DUCTION) 

! 

H 2 0 STORAGE 
AND RADIATION 

THERMIONIC 

THERMIONIC 

BATTERIES 
(OR IN- 
DUCTION) 

LiH STORAGE 
AND RADIATION 

TELESCOPE ' 
(CONCENTRA- 
TOR) 

BRAYTON, RAN- 
KINE, OR PISTON 

BATTERIES 
OR IN- 
DUCTION 

RADIATOR 
WORKING FLUID) 

FLYWHEEl/ 

GENERATOR 

TELESCOPE 

TELEC 

BATTERIES 
(OR IN- 
DUCTION) 

LiH STORAGE 
AND RADIATION 

TELESCOPE 

ENERGY EX- 
CHANGER WITH 
BRAYTON.RAN- 
LINE, OR PISTON 

BATTERIES 
(OR IN- 
DUCTION) 

FLYWHEEl/ 

GENERATOR! 

RADIATOR 

(WORKING 

FLUID) 
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Preliminary Screenin g 


A preliminary screening was performed which eliminated most of the concepts pre- 
sented in Table IX. The preliminary screening indicated the following: 

© Photovoltaic . The potentially high efficiency of the advanced technology 
photovoltaic devices for converting laser energy dictated that this should be 
evaluated . 

© Thermionic. The low efficiency of this concept indicated that it 3hould not be 
considered for real-time conversion. (Employed later as a topping cycle). 

© Brayton, Rankine, or Piston (With or Without Energy Exchanger). The 
Brayton, Rankine, or Piston energy conversion concepts may be used either 
to generate electricity which is stored in batteries or induction circuits or to 
directly spin-up flywheels. The required high power and the short operating 
times required for real-time conversion result in very large units. Real- 
time laser, power conversion is not an appropriate application for the rotating 
machinery conversion units. 

• Thermoelectronic. The TELEC device had sufficient efficiency potential to 
warrant a more detailed evaluation . 

Results of the Evaluation of Real-Time Conversion 

The output requirements for the conversion systems were established at 34 kW for 
3-hr, with a laser irradiation period of 108 seconds, These requirements were selec- 
ted as being representative of the mission model. 

Photovoltaic/Batteries . The results of the evaluations are illustrated in Figure 49. 

As shown, the efficiencies indicate that 10, 070 kW of laser energy must be absorbed 
for a period of 108 s (1,087,560 kJ). The basic weight of this system is 13,340 kg. 

Thermoelec tronic/Batteries . The TELEC device requires a telescope to collect and 
direct the laser radiation. The waste heat from the TELEC device is stored in lithium 
hydride and then radiated. The required laser energy absorbed was. 10,740 kW for 
108 s (1,159,920 kJ). The weight of has system was 12,950 leg. The results are shown 
in Figure 50. 

t 

3 .2. 5. 2 Evaluation of Real-Time Conversion to Electrical Energy Plus Bottoming 
Cycle With Delayed Conversion 

The real-time conversion presented in the previous section results in waste heat which 
potentially could be stored and subsequently used in another conversion system as 
dictated by the satellite electrical power requirements. The possible approaches are 
shown in Table X. 

As in the case of the previous evaluations, the requirements were based upon 34-kW 
output for 3 hr, with a laser irradiation time of 108 s. The efficiencies of the topping 
cycles and the bottoming cycles result in the split between the power outputs of each. 


USER ENERGY 
10,070 kW - 108 s 





LASER ENERGY 
10,740 kW-J 08 s 





TABLE X. REAL-TIME CONVERSION TO ELECTRICAL ENERGY 

PLUS BOTTOMING CYCLE WITH DELAYED CONVERSION 
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Topping; Photovoltaic /Bottoming: Rankine 

It was concluded that this system should be eliminated from the evaluation since the 
water temperature was too low to produce an efficient system. . 

Topping: Thermionic/Batteries/Bottoming; Brayton/Generator 

This concept resulted in a substantial portion of the power being generated in the 
bottoming cycle because of the low efficiency of the thermionic cycle. The evaluation 
results are presented in Figure 51. The required laser input was 11,400 kW for i08 s 
This system was the least efficient evaluated, but the weight was moderate at 4,294 kg 

To pping: TELEC/Batteries/Bottoming;- Bray ton /Generator 

Since the TELEC device is relatively efficient, the major portion of the power is pro- 
duced from this. The evaluation results are shown in Figure 52, The required laser 
energy input is 7610 kW for 108 s (821,380 kJ), making this a relatively efficient 
system. However, the system weight is 9777 kg. 

3. 2. 5. 3 Evaluation of Energy Storage With Delayed Conversion 

As discussed in previous sections, the storage of the laser energy as heat, with con- 
version to electrical energy upon demand, appears to be one of the more viable 
approaches. In these evaluations, the same requirements for power and irradiation 
time were employed as for the previous evaluations (34 kW for 3 hr, 108 s of laser 
irradiation). The potential approaches are presented in Table XI. The difference 
between the two systems isi that the addition of an energy exchanger allows the use of 
higher temperature gu? in the thermodynamic cycles and also results in potentially . 
more efficient cycles. 

Receiver (Heat StorageV/Brayton Cycle/Generator 

.The previous discussions regarding the Brayton cycle indicated that the maximum 
turbine inlet temperature allowed by material limitations is approximately 1400 K. 

The most likely material for use with this maximum temperature is silicon, which 
melts at 1700 K and would provide a gocd temperature differential for heat transfer 
to the v/orking gas. If the turbine inlet temperature is lower, in the range of 1100 K, 
then lithium fluoride is a possible heat storage material . 

The results of the evaluation are summarized in Figure 53. The required laser input 
is 9930 kW for 108 s. The basic weight of the system if 2,660 kg. 

Receiver (Heat Storage) /Energy Exchanger/Brayton /Generator 

’ t 

The cycle which was assumed for the analyses is that presented in a previous section 
in Figure 42, with the energy exchanger temperature lowered to 2100 K. The heat 
storage at this 'high temperature is accomplished in a mix.ure of beryllium oxide and 
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1 ,400 kW‘ 
08 s 







LASER ENERGY 
7610 kW 
108 s 




TABLE XI. ENERGY STORAGE WITH DELAYED CONVERSION 


RECEIVER 

ENERGY 

STORAGE 

CONVERTER 

ENERGY 

STORAGE 

HEAT EX- 
CHANGER 

SILICON (LiF) 
FUSION 

BRAYTON, 
RANKINE, 
OR PISTON 

DIRECT USE 

(LIMITED 

BATTERY) 

HEAT EX- 
CHANGER 

BeO + MgO 
FUSION 

ENERGY 
EXCHANGER 
PLUS BRAYTON, 
RANKINE, OR 
PISTON 

DIRECT USE 
(LIMITED 
i BATTERY) 

j 

1 


LASER ENERGY 
9930 kW 
108 s 


RECEIVER 

AND 

t HEAT STORAGE 

1 

WEIGHT: 1576 kg 


BRAVfON 


WEIGHT: 1080 kg 


34 kW 
3 HR 


HEAT I 


RADIATOR 


Figure 53* Recover (heat storage) /Brayton/supply 
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magnesium oxide, which melts in the range from 2100 to 2200 K. Because of the high 
temperatures and the efficiency of the energy exchanger, this is the most efficient 
system evaluated. The required laser input energy is 6800 kW for 108 s (734,400 kJ). 
The system is illustrated in Figure 54. ! 

f 

3*2 % 5. 4 Summary of Power Conversion System Evaluations 

The results of the power conversion system evaluations are summarized in Table XII. 
The results indicate the following conclusions: 

© The real-time conversion systems appear to be the least desirable. Their 
heavy weights result principally from the requirement to store the generated 
electrical energy rapidly. 

© The systems involving real-time conversion plus a bottoming cycle for delayed 
conversion are in the moderate range with regard to weight. The system 
involving the TELEC device has a relatively high overall efficiency, but a 
rather high weight. The thermionic device with a bottoming cycle has a low 
overall conversion efficiency. 

© The conversion systems which store all the laser energy as heat and then 

convert this to electrical power at the demand rate present the best approaches. 
The system which includes an energy exchanger has the highest efficiency. 

3.2.6 System Effects 

To determine the system effects and synthesize concepts toward optimization, the 
previous subsystem analyses must be evaluated relative to the impact that one subsys- 
tem or variation thereof may have on other subsystems. The Laser Pov;? Conversion 
System Analyses is ultimately seeking feasible systems that can replace current satel- 
lite electrical power subsystems so that a more efficient and cost-effective system 
can replace the expensive and inefficient solar array electrical power subsystems used 
on today *s satellites. To establish a baseline from which the new concepts could be 
compared, an existing computer program was exercised to provide details of the 
mission satellites established in Task I. Table XiH gives the satellite dimensions, 
average power, and electrical power subsystem (EPS) weights. Various costs are 
also shown for later comparison with the new concepts, figure 55 graphically shows 
the EPS weights for satellites designed for a 5-year life at synchronous equatorial 
orbit where the time in shadow (ts) is equal 5%. This set of cmwes is for the newer, 
lightweight, flexible solar arrays. With these data, new laser power conversion 
systems can be evaluated. 

The operation of the laser power conversion concepts differs from the conventional 
solar array EPS regardless of the energy conversion technique or the type of receiver 
used. The. solar array generates electrical power during the major portion of each 
satellite orbit ranging from about 66% to 100% of the orbit period depending upon the 
orbital parameters. For the Laser power conversion concepts to operate for similar 
periods during each orbit, almost one ] aser would be required for each satellite, i.c. , 
t wo lasers could handle three satellites for those missions charging 66% of the time with 
the ratio reaching 1 to 1 for satellites in sun synchronous and synchronous equatorial 
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TABLE XH. SUMMARY OF POWER CONVERSION SYSTEM EVALUATIOI'IS 









TABLE XIII. LPCS - CONVENTIONAL POWER SPACECRAFT (FY '77$) 
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orbits. Obviously, it would not be cost effective to put up a completely new laser 
satellite to provide electrical power for each mission satellite, particularly when lone 
considers that the mission satellite EPS is not being eliminated but replaced with / 
another system which may require a higher technology level. Table XIV shows some 
of the operating requirements for typical low-earth orbit mission satellites. For 
example, the space processing mission has transfer opportunities every 2.67 hr with 
a minimum transfer time of 0.63 hr (Figure 6). If the entire viewing time were used 
to recharge the energy storage system, only four satellites could be serviced with 
one laser. Table XIV evaluates the new EPS relative to the number of satellites (5, 10, 
25, 50, and 100) serviced by one laser. Again refering to the space processing mission 
that has an average power requirement of 34.2 kW, if the entire mission model (~ 100 
satellites) is to be serviced by one laser, then only 0.0267 hr can be spent in recharging 
the energy* storage subsystem. Considering the losses in transmission, conversion, 
and storage, a laser power of 12,795 kW would be required. If the laser operates at 
20% efficiency, then an electrical power subsystem of almost 64 MW would be required 
to drive the laser. However, the laser would not have sufficient power to service a 
satellite with a higher average power requirement as may be noted in Mission 13, 

Solar Observation, in Table XIV. In fact, a laser power of more than 110 MW would 
be required to service Mission 8, Coast Radar, (Table XHI) requiring 295.6 IAV in the 
0.0267-hr time period. 

The laser power conversion concept operations also significantly effect the energy 
storage subsystem and the receiver. Because the mission satellite is operating a 
majority of the time on stored energy, the energy storage subsystem has to have a 
significantly larger capacity which can also be noted in Table XIV. The battery 
weights shown in Table XIV are for NiCd batteries, and can be reduced by a factor of 
3 if regenative fuel cells are used; however, the energy storage weight is still 66% of 
weight of the total electrical power subsystem it is replacing. The receiver weights 
shown in Table XIV are based on a photovoltaic power conversion system operating 
at 45% efficiency. The weights arc only for the heat storage and radiator to reject the 
excess heat. The photovoltaic devices, power conditioning, and cabling are not 
included. Again, because of the laser power conversion concept operations, the energy 
must be stored in a relatively short period which makes it impractical to reject the 
excess energy (> 55%) in real time. The weights shown ai'e for storage of the excels 
energy and radiating it to spa* e during the entire cycle between charges. These weights 
cannot be reduced significantly and generally exceed the total weight of the electrical 
power subsystem being replaced. 

In summary, even if the additional weights would not significantly affect the satellite's 
missions capability, transportation cost •, and unit costs, the requirement to take to 
orbit more than two orders of magnitude more electrical power capability than required 
for all satellites combined cannot be shown to be cost effective. Table XV shows the 
electrical power required to drive both space-based and ground-based lasers. The 
number of space-based lasers servicing the mission model does not significantly affect 
the total electrical power requirements, but could vary the total cost significantly 
because each additional laser would be a complete space vehicle. The driving mission 
causing the high total electrical power requirements is the Coast Radar (295. G k\V c 
average power), and 85% of the missions require 50 k\V c or less; therefore, Table XVI 
shows the electrical power requirements for all missions under 50 k\V c , which shows 
that more than an order of magnitude more electrical power is required for space-based 
laser systems and two orders of magnitude for ground-based laser systems. 
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TABLE XIV. TYPICAL MISSIONS 
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TABLE XV. POWER REQUIREMENTS - ALL MISSIONS 

i 


(TOTAL SATELLITE POWER =3,6? 2 kW) 


NUMBER 

OF 

*1 

REQUIRED POWER (kW)» 


SPACE 

GROUND** 

iASERS 

LASER 

ELECTRICAL 

LASER 

ELECTRICAL 

1 

111,842 

559,210 

- ‘ 323,482 

1,617,411 

2 

55,548 

555,430 

160/62 

1,606,622 

4 

27.401 

548,C.'0 

79,252 

1,585,046 

10 

10,5.12 

525,600 

30,404 

1 

1,520,200 

20 

4,884 

484,400 

14,126 

1,412,606 


‘BASED ON COAST RADAR MISSION (295.6 AVERAGE POWER) 
“EACH GROUND SITE 
FOR REFERENCE: 

BOULDER DAM = 1,249,800 kW e 
GRAND COULEE DAM = 1 ,974,000 kW e 


TABLE XVI. POWER REQUIREMENTS.-. MISSIONS UNDER 50 kW g 


(Total Satellite Power - 1, 383 kW^) 



Power Required (kW) 

In limber 
of 

Lasers 

Spa 

Grourid 

Laser 

Electrical 

Laser 

Electrical 

1 

14,686 


73,430 

42,477 

212,383 

2 

7,282 


72,820 

21,062 

210,620 

4 

3,579 


71,580 

10,352 

207 , 040 

10 

1,363 


68,150 

3,942 

197, 100 

20 

C20 


G2, 000 

1,795 

179,500 
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Section 4 
CONCLUSIONS 
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Orbit-to-orbit Laser Power Conversion Systems for supplying energy to satellites is 
not competitive with current satellite electrical power subsystems from either 
technological or economical standpoints. 


I 

i 


102 



